Abstract: 2-dimensional metal nanoparticle arrays are normally constructed at liquid-oil interfaces by modifying the surfaces of the constituent nanoparticles so that they self-assemble. Here we present a general and facile new approach to promoting such interfacial assembly without any surface modification. The method use salts which have hydrophobic ions of opposite charge to the nanoparticles, which sit in the oil layer and thus reduce the Coulombic repulsion between the particles in the organic phase, allowing the particles to sit in close proximity to each other at the interface. The advantage of this method is that since it does not require the surface of the particles to be modified it allows non-metallic particles including TiO2 and SiO2 to be assembled into dense interfacial layers using the same procedure as is used for metallic particles. This opens up a route to a new family of nanostructured functional materials.
KEYWORDS Self-assembly; 2-D arrays; liquid-liquid interface; charge screening 2 Self-assembly of nanoparticles (NPs) at liquid-liquid interfaces (LLI) offers a simple and graceful way to obtain defect-free 2-dimensional (2-D) array of NPs with numerous potential applications. [1] [2] [3] In early reports, silver particles of 10's of nm dimensions were assembled at the LLI to give highly reflective metal liquid-like films (MeLLFs). [4] [5] [6] This assembly was induced by attaching surfactant "modifiers" to the NPs which increased their hydrophobicity. More recently by modifying the hydrophobicity of the nanoparticles through careful selection of organic modifiers and performing contact angle measurements with dried MeLLFs obtained through a Langmuir-Blodgett method, Reincke et al. have shown that gold MeLLFs consisting of NPs with diameters between 8-40 nm had a near 90° contact angle at the interface. [7] This was supported by calculations of the partition of 10 nm NPs in liquid-oil systems, which showed that the NPs may only reside at the interface when the contact angle is close to 90°. [8] However, extending this contact angle tuning method to other NPs, particularly non-metals, is difficult since surface modification is often not straightforward and every new NP is effectively a special case.
More recently, molecular dynamics simulations of the assembly of charged 2 nm diameter gold NP monolayers at the interface of two immiscible electrolyte solutions under the influence of an external applied potential have brought interesting new insights. The simulations showed that the voltage-induced interfacial assembly process is accompanied by condensation of cationic counterions present in the oil phase onto the NPs, which shields their charge. [9] A similar effect was observed for highly hydrophilic charged silica NPs which were able to assemble at the liquidliquid interface after reducing their charge by coagulating with their oppositely charged counter parts.
[10] This is reminiscent of our observation that tetrabutylammonium nitrate (TBA  + NO3   -) , which also has a cationic counterion, can be used to generate MeLLFs, although in this case the TBA + cations do not absorb directly onto the particles. [11] 3
Here we provide extensive experimental evidence that TBA + NO3 -is merely a single example of a new class of "promoter" compounds, which promote interfacial assembly by altering the electrostatic forces between the particles rather than by altering hydrophobicity of the NPs' surfaces like "modifiers". By combining the "modifier" and "promoter" mechanisms, we are now able to explain the various well known methods to induce self-assembly of nanoparticle arrays at the liquid-liquid interface. Furthermore, this understanding has allowed us to control the interfacial assembly process to the extent that not only metal NPs but also alloys, mixed particle composites and even non-metallic NPs can be assembled without any surface modification of the particles. For example, in citrate-reduced silver colloid (CRSC), which is widely used in MeLLF formation, [7, 12] the NPs are stabilised by a surface layer of negatively charged citrate ions which can be observed by SERS (Figure 2 ). However, when the aqueous colloid is shaken with dichloromethane (DCM) and 1-pentanethiol to create a MeLLF, the SERS signal of the NPs in the interfacial array changes to that of the 1-pentanethiol modifier which has bound to the surface and increased the hydrophobicity. Indeed it was observations of this type that were used to support the "modifier" mechanism. This experiment can be repeated using a wide range of chemically disparate modifiers which give their own characteristic SERS spectra in the MeLLF, since they adsorb or bind to the particle surface (Table S1 ). [12] [13] [14] was not a special case, as direct in situ SERS measurement of MeLLFs formed with the aid of other compounds revealed that some which were initially reported as modifiers actually act as promoters (Table S1 ). Table S1 .
The promoters, like the modifiers, are chemically diverse and include transition metal complexes and crown ethers, as well as organic salts ( Figure 2 and Table S1 ). However, despite this diversity, all the promoters that successfully induce formation of MeLLFs from negatively charged NPs have a common feature, they are all salts of hydrophobic cations. Simple water soluble metal halide salts do not act as successful promoters, nor do amphiphilic salts with hydrophobic anions. Conversely, we have found that MeLLFs can only be formed from positively charged NPs (see below) if the promoters are salts with hydrophobic anions. Therefore an essential quality for a successful promoter is that it contains a hydrophobic ion carrying an opposite charge to the NPs, which in turn suggests that in these systems the key interaction is between the nanoparticles at the interface and oppositely-charged ions in the oil phase. For simplicity, in the 6 following discussion we will concentrate on the case where the particles are negatively charged but all arguments work equally well for positively charged particles and anionic promoters.
The SERS data show that the promoters are not adsorbed onto the surface of the particles, or sufficiently close to be enhanced but they still need to be localised near the interface if they are to electrostatically interact with the nanoparticle film (see below). Inductively coupled plasma optical emission spectroscopy (ICPOES) measurements of the change in concentration of promoter which was initially added in the oil phase showed that approximately half the promoter was lost from the bulk organic phase on MeLLF formation (Table S2 ). Since the hydrophobic promoter cations would prefer to stay in the organic phase and SERS measurements have also conclusively shown that the promoters do not adsorb directly onto the NPs, this leaves the solution near the organic side of the interface as the only region where they can be located. It is clearly the promoters near the interface which stabilise the MeLLFs since the films remain intact even when the bulk organic phase containing the excess promoter is replaced with pure solvent. It should not be surprising that these promoter cations are attracted to sit near the interface since in the MeLLF the interface is completely covered with negatively charged particles.
As shown in Figure 3e , for the case of particles which have a 90° contact angle with both phases, the main forces determining the total energy of a system of charged particles sitting at a LLI are the interfacial surface tension, Coulombic repulsion between the particles (which has 2 components that act through the aqueous and oil phases) and van der Waals attraction between the particles. [15] [16] [17] [18] It should be noted that van der Waals attraction between NPs will also change along with the surrounding environment. However, this change is relatively small and van der Waals force is always attractive regardless of the NPs being in water or oil. Therefore van der Waals attractions between NPs from both phases were discussed together. In the absence of promoter or 7 modifier the particles predominantly reside in the aqueous phase (Figure 3a) . The total free energy can be reduced by allowing some particles to move to the interface to reduce the interfacial energy, [19] but this can only proceed to the extent that the reduction in interfacial energy exceeds or equals the increased Coulombic repulsion between the NPs caused by localising them at the interface. Since the Coulombic repulsion is large, the number of particles which sit at the interface is low. Addition of a low (ppm) concentration of hydrophilic salts reduces the Coulombic repulsion in the aqueous phase but not in the oil phase. The result is that even after prolonged shaking, no change could be observed. The majority of the NPs remained dispersed in the colloid (Figure 3a) rather than assembling at the interface (Figure 3c ), even though this would reduce the interfacial energy.
However, this balance of forces can be changed by adding a promoter such as TBA + NO3 -(or one of the others shown in Figure 2 and Table S1 ) which has a hydrophobic cation. TBA + has a finite free energy of transfer between oil and water on the order of ca. 0.5 eV. [20] Dissolving amphiphilic salts of this type in an immiscible liquid-liquid system creates an interfacial potential and leads to the formation of regions on each side of the interface enriched in hydrophobic cations and hydrophilic anions. In the current case, the presence of the promoter cations at the oil side of the interface stabilises any NPs which partially submerge into the oil phase (Figure 3b ) by screening the Coulombic repulsion between the negatively charged surfaces of the NPs in the oil layer, which means it is no longer the simple unscreened repulsion term (Figure 3e ). The reduction in Coulombic repulsion, combined with the van der Waals attraction, allows the particles to pack closely together at the interface where they sit at a distance determined by the balance between the 2 forces in much the same way as is observed for salt-induced aggregation of metal NPs into 3-D clusters in simple aqueous solution. Importantly, this mechanism explains how the promoters can 8 cause assembly of NPs at the interface without adsorbing directly onto them. This mechanism is entirely different from that illustrated in Figure 3d where the surface of the particles is covered by strongly bonded modifiers which change their hydrophobicity (γp/w) and/or the surface charge density (σ). [21] The adsorption of NPs to the liquid-liquid interface is normally kinetically controlled relying on the Brownian motion of the NPs. Thus an external force (shaking) is applied to accelerate this process by bringing the NPs to the interface. Definitions of symbols are given in Table S4 .
Figures 3b and d illustrate two extreme cases, but MeLLF formation may be induced by a combination of both mechanisms. [6, 22] For example, some of the transition metal complexes used in early MeLLF studies were hydrophobic electrolytes that could provide charge screening but also could adsorb onto the particles, so they can potentially act as both promoter and modifier.
Since the promoter induced self-assembly mechanism relies on simple electrostatic interactions with unmodified particles, it is a remarkably general method for forming MeLLFs from charged metal NPs. In principle, the minimum amount of promoter required to induce self-assembly would be the amount needed to adequately screen the Coulombic repulsion between the particles and this will depend on many conditions such as the size of the interface, the morphology and surface properties of the NPs; the particle concentration etc. However, in practice this uncertainty is not a problem, a reasonable excess of promoter can be used routinely with all the particles without perturbing the system since the excess cations simply remain in the bulk solvent (as shown by were necessary, the change in bulk ionic strength might lead to unwanted aggregation of the NPs in the aqueous phase. However, we found that even for colloids with a high ζ of -60 mV, a promoter concentration of ca. 4 × 10 -3 M of TBA + in the oil phase was sufficient, which is well below the concentration that gives uncontrolled aggregation. Also, since the primary role of the 10 oil phase is to provide a high energy interface with water, a diverse range of organic solvents, from hexadecane to chloroform (Table S3) Importantly, the charge screening method can be extended to the assembly of non-metallic NPs at the interface since it should work for any colloidal NP with a non-zero ζ. Figure 4e shows a densely-packed monolayer of commercial silica NPs (ζ= -47 mV), assembled using TBA + as the promoter. Similarly, P25 TiO2 particles, which are widely used as photo-catalysts and under our experimental conditions carry a positive surface charge (ζ= +50 mV), were assembled into 2-D arrays using anionic TPB - (Figure 4d ).
Finally, we show that densely packed composites can also be prepared. Figure 4f shows a monolayer gold-silica composite prepared using a mixed aqueous phase containing both silica and gold NPs. A similar silver-silica composite is shown in Figure S3 . Interestingly, in the mixed monolayers the two different kinds of NPs formed domains, possibly because of the van der Waals forces between NPs of the same type being more attractive than those between dissimilar particles. [23] Composite materials based on metal oxides in close contact with noble metal nanoparticle are interesting because of their potential for plasmon-induced hot electron generation. [24] In summary, we report a novel method, supported with a detailed mechanism, to assemble vastly different NP 2-D arrays using promoters that provide charge screening between the particles at the interface instead of modifying their surface chemistry. The self-assembly system is remarkably Colloid preparation. CRSC, citrate-reduced gold colloid (CRGC), hydroxylamine-reduced silver colloid (HRSC), borohydride-reduced silver colloid (BRSC) and silver-gold nano-boxes were prepared following literature methods. [25] [26] [27] [28] [29] [30] The pHs of these colloids were slightly acidic ranging from 6-7. Highly mono-disperse CRGC with a mean particle diameter of 50 nm was obtained from BBI Solutions and used without any further modification. SiO2 colloid was diluted by 10 3 with DDI water before being used. TiO2 colloid was diluted by 2 × 10 3 with DDI water.
Concentrated HCl (aq.) was used to tune the pH of the colloid to ca. 2 to give the colloid a highly positive ζ (ca. +50 mV). [31] Mercaptopropanesulfonate ( Positively charged colloids were prepared by functionalizing the colloids used above with thiocholine as reported in literature with slight modifications. [32] Prior to thiol modification, all colloids (apart for HRSC) were capped with Br nm diameter, centrifugation was carried out at 4000 rcf for 1.5 h; for ca. 20-60 nm colloids centrifugation was carried out at 3200 rcf for 1 h; for > 60 nm colloids, centrifugation was carried out at 3000 rcf for 1h. For removal of aggregates, all colloids were centrifuged at 1000 rcf for 5 min.
Protocol for interfacial self-assembly. Self-assembly was carried out at room temperature. This minimized any potential scattering from the aqueous phase, which in some cases also contained colloidal nanoparticles that had not been drawn into the film (see Figure 2d 
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